W
hen cells are deprived of serum growth factors, they cease proliferation and rest in a reversible state known as quiescence. Conversely, cells undergo senescence, when their cell cycle is arrested in the presence of growth stimulation (1) (2) (3) (4) (5) . Recently, it was demonstrated that the difference between reversible quiescence and irreversible senescence is determined by an active mammalian target of rapamycin (mTOR) pathway in senescent cells (6) (7) (8) (9) (10) (11) . When cell cycle is arrested and mTOR is stimulated by serum growth factors or oncoproteins such as Ras, the arrested cells undergo senescence (1, 4, 12, 13) . The conversion from reversible cell cycle arrest to senescence is named gerogenic conversion (or geroconversion) (12) . Conditions that inhibit mTOR (6, 14, 15 ) also inhibit geroconversion while causing or maintaining cell cycle arrest (6, 7, 10) .
Of note, in cell culture, quiescence and senescence are observed at low or regular cell density. There is a third type of cell cycle arrest. When normal cells reach high density (HD), they stop proliferation [i.e., contact inhibition (CI)] and can stay arrested for weeks. However, when the culture is split and replated, the cells restart proliferation. This condition resembles quiescence, even though it occurs in the presence of growth stimulation by serum. Perhaps CI is the most important and physiological type of cell cycle arrest. First, most cells in the organism are contact inhibited. Like in confluent cell culture, wounding causes cells to restart proliferation and to fill the wound. Second, the most noticeable difference between normal and cancer cells in culture is the lack of CI in cancer cells (16, 17) . Cancer cells continue to proliferate, acidifying culture medium and damaging themselves (18) .
Whether CI is reversible and why it is reversible remain unknown. Irreversible senescence is characterized by active mTOR pathway, high metabolism, and large flat cell morphology (8, (19) (20) (21) . In contrast, contact-inhibited cells are characterized by a small vertical morphology and low protein synthesis and metabolism. We speculated that mTOR might be inhibited in high cell density. This would explain the peculiarity of CI. This further would predict that CDK inhibitors, which cause cell senescence at low and regular cell density, would not cause it at HD. Here we tested this hypothesis.
Results
CI Suppresses mTOR and Causes Reversible Arrest. First, we plated normal retinal pigment epithelium (RPE) cells at regular density (RD) and HD. After 6 d, cells plated at RD reached subconfluency (Fig. 1A, RD) , whereas the cells plated at HD became "packed," i.e., were completely contact-inhibited (Fig. 1A, HD) . Contact inhibited cells are typically characterized by positive β-gal staining (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . β-Gal staining is not only a hallmark of senescence but also of CI and serum starvation because all three conditions are associated with lysosomal activation (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . Importantly, pS6, a marker of the mTOR activity, was undetectable in contact-inhibited cells (Fig. 1B) . Contact-inhibited cells retained replicative potential (RP), meaning that the cells restarted proliferation after splitting of the culture (Fig. 1C) . This indicated that CI was a reversible condition. In agreement, contact-inhibited cells were arrested in G1 phase as shown by flow cytometry (Fig. 1D ). After splitting of the culture, cells reentered the cell cycle, so that 60% of cells were in S-phase after 24 h. Cells progressed to normal cell cycle distribution by 48 h (Fig. 1D) . Similarly, human WI38t fibroblasts retained RP during CI, which was associated with decreased S6 phosphorylation (Fig. 1 E-G) .
p27 Induction Is Associated with mTOR Inhibition. We next investigated the relationship between cell density, p27 induction, and phosphorylation status of S6. RPE cells were plated at
Significance
This work solves longstanding mysteries in the field of contact inhibition (CI), cancer, and aging. As shown here during CI, cells do not undergo senescence, thus resuming proliferation after replating. We found that CI was associated with inhibition of the mammalian target of rapamycin (mTOR) pathway, which is required for the senescence program. In cancer cells, lacking CI, mTOR was still inhibited in high cell density by an alternative mechanism. Our work explains why CI is reversible and how cells can avoid senescence in vivo, allowing the organism to last for decades. Implications for cancer therapy are discussed. increasing cell densities and incubated for 2 d. Levels of p27, a marker of CI (34) (35) (36) (37) (38) (39) (40) , were progressively increased with increasing cell density. pS6 became undetectable at the higher cell densities ( Fig. 2A) , i.e., when plated at 2 × 10 5 per well in a 12-well plate and 4 × 10 5 per well in a 24-well plate. Next we determined the time course of p27 induction and S6 dephosphorylation in several cell lines (Fig. 2 B-D) . At the time of plating (day 0), the Akt/mTOR pathway was activated in RPE cells (Fig. 2B) . By day 2, p27, a marker of CI, was induced. At that time, S6 became dephosphorylated and phosphorylation of Akt S473 was decreased. Noteworthy, p53 was not changed (Fig.  2B) . Similar results were obtained in human fibroblast WI38t cells, in which p27 was strongly induced by day 2 and phospho-AKT and pS6 became undetectable at that time (Fig. 2C) . p53 was not changed. Thus, we observed that the appearance of p27 coincided with dephosphorylation of S6 and AKT. Also, in normal human bladder cells (NBCs), pS6 was decreased at the cell density when p27 was induced (Fig. S1A) . We also determined that the Akt/mTOR pathway was inhibited in contact inhibited rat intestinal epithelial IEC18 cells (Fig. 2D) .
The change of the medium did not activate the Akt/mTOR pathway in IEC18 cells, suggesting that CI rather than medium conditioning/exhaustion was responsible for mTOR deactivation in this cell line. We also investigated the effect of conditioned medium (CM) from high-density cultures on S6 phosphorylation in the cells plated at RD. We found that CM, even collected from 2-3-wk-old contact-inhibited cultures only marginally (not completely) decreased pS6 level in cells from RD culture (Fig. S1B) .
We next used a very sensitive method to detect the effect of CM on the activity of mTOR. Contact-inhibited cells (with undetectable pS6) were replated at regular cell density into fresh medium or into their own CM (Fig. 2E) . We found that both p-S6 kinase (T389) and p-S6 were reactivated even when cells were split into CM (Fig. 2E) . However, this reactivation was higher in fresh medium than in CM, because mTOR is regulated by numerous medium factors (nutrients, hormones, and mitogens, which may be at higher levels in fresh medium).
Finally, we determined the pattern of S6 dephosphorylation in RPE cells growing as separate dense colonies. As shown in Fig. 2F and Fig. S2 , the cells were preferentially negative for pS6 in the middle of the colonies, whereas, at the edges, all cells were pS6-positive. This supports the conclusion that it is the CI rather than conditioning of the medium that is predominantly responsible for mTOR deactivation in normal cells from confluent cultures. We next investigated whether stimulation of mTOR would convert CI into cellular senescence. To this end, we used lentivirus expressing TSC2 shRNA (shTSC2), which, as we previously described, decreased the levels of TSC2, thus activating mTOR (41, 42) . Here we infected RPE and IEC18 cells and then plated them at high cell density to cause CI. After 4 d, the cells were replated at low cell density to determine if cells become senescent. In control, contact inhibited RPE and IEC18 cells (infected with empty vector) regrew after splitting (Fig. 3A) . shTSC2-infected cells did not resume proliferation after replating at low density (LD; Fig. 3A ), shTSC2-infected contactinhibited cells acquired large-cell morphology when replated at LD (Fig. 3B) . They retained β-gal positivity, which is typical for CI and senescence, even though they were no longer contactinhibited (solitary cells). Control cells in contrast become β-galnegative. Also, some shTSC2-infected cells displayed senescence-associated heterochromatin foci (Fig. S3) , an additional marker of senescence.
High Cell Density Prevents p21-Induced Senescence. We next investigated whether mTOR inhibition in high cell density can prevent cellular senescence caused by senescence-inducing agents. As described previously, induction of ectopic p21 causes cellular senescence in HT-p21 cells (5, (43) (44) (45) . In these cells, addition of isopropyl-thio-galactosidase (IPTG) induces p21, causing cell cycle arrest and irreversible senescence, meaning that the cells cannot restart proliferation when IPTG is removed. Here HTp21 cells were plated at increasing cell densities and treated with IPTG for 3 d (Fig. 4A) . After 3 d, cells were trypsinized and replated at very LD: 1,000 viable cells per well (six-well plate). After 8 d in culture formed colonies were stained and counted (Fig. 4A) . A number of colonies (which corresponded to a number of nonsenescent cells, i.e., replication-competent cells) increased when cells were treated with IPTG at HD. A number of nonsenescent cells (colonies) increased from 4.7% to 25.8%, when the plating cell density was increased from 50,000 to 1,000,000 cells per well (Fig. 4A) . Therefore, IPTG did not cause senescence in dense cultures. However, IPTG still induces p21 in dense cultures. So, the conversion from cell cycle arrest to cellular senescence (geroconversion) was suppressed in HD.
We next investigated whether CM from HD cultures can inhibit IPTG-induced senescence in HT-p21 cells. HT-p21 cells were placed in CM collected from LD and HD cultures (CM-LD and CM-HD, respectively) and treated with IPTG. CM-HD, but not CM-LD, prevented senescent morphology of HT-p21 cells (Fig. 4B) . Consistently, CM-HD inhibited pS6 in freshly plated cells at RD (Fig. 4C) , whereas it did not prevent induction of p21 (Fig. 4C) . Neither rapamycin nor CM prevented p21 induction and p21-dependent cell cycle arrest (41, 42, (45) (46) (47) . mTOR is not needed for arrest. However, it is needed for geroconversion from cell cycle arrest to irreversible senescent phenotype (12) . Rapamycin and CM inhibited mTOR and thus inhibited geroconversion (i.e., conversion from reversible arrest to senescence). Therefore, inhibition of mTOR does not prevent p21-mediated arrest but it prevents the final step: geroconversion. Although it does not affect p21 expression, inhibition of mTOR prevents the senescent program.
Given that inhibition of mTOR by any means suppresses geroconversion of IPTG-treated HT-p21 cells, this inhibition could account for senescence-inhibiting properties of CM-HD. We confirmed this finding in two additional cancer cell lines. Like in HT-p21 cells, p27 was not detected in high cell density cultures of MCF7 and RKO cells, yet the Akt/mTOR pathway was inhibited (Fig. S1 C and D) . The change of the media reactivated the pathway (Fig. S1 C and D) . Thus, in cancer cells lacking CI, mTOR is still inhibited at high cell density as a result of conditioning of medium.
CI Suppresses Senescent Program. Cancer cells do not undergo CI. To imitate the conditions of CI, a very small number of HT-p21 cells was trapped among contact-inhibited RPE cells. (RPE cells exert strong CI without conditioning the medium.) The same small number of HT-p21 cells were plated without RPE cells, as a regular culture condition (Fig. 5) . HT-p21 cells express GFP and therefore could be distinguished from RPE cells under fluorescence microscopy. We treated cells with IPTG for 3 d.
As shown in Fig. 5 A and B, HT-p21 cells plated alone (regular culture) acquired senescent morphology. In contrast, HT-p21 cells trapped among RPE cells remained small in size. In regular culture of HT-p21 cells (green nucleus), cells remained "red" (pS6-positive cytoplasm). When HT-p21 cells were trapped in the RPE monolayer ( Fig. 5A and Fig. S4 ), all "green" (HT-p21 cells) became pS6-negative ( Fig. 5A and Fig. S4 ).
To measure RP of such cells, IPTG was washed out and cells were replated at LD and allowed to regrow. HT-p21 cells treated with IPTG inside of RPE monolayer retained proliferative potential whereas HT-p21 cells from standard culture did not (Fig.  5C ). We conclude that HT-p21 cells inhibited by RPE monolayer did not become senescent. In agreement, they formed large colonies upon replating, whereas HT-p21 cells from regular culture did not (Fig. 5D) . To minimize the effect of contaminating RPE cells on colony formation, we next sorted HT-p21 cells from mixed cultures by using GFP marker and replated them at LD in drugfree medium. After attachment, HT-p21 cells from regular culture displayed senescent morphology, whereas the cells from CI culture did not (Fig. 5E) . In agreement, CI-culture cells proliferated upon replating and formed colonies, in contrast to HT-p21 cells from regular culture (Fig. 5 F and G) .
We also investigated whether CI suppresses senescence caused by PD0332991, an inhibitor of CDK4/6, in normal RPE cells (46) . PD0332991 caused morphological senescence in LD cultures, whereby cells were p-S6 positive (Fig. S5) . These senescent cells did not restart proliferation when PD0332991 was washed out (Fig. S5) . In CI culture, the cells were p-S6 negative (Fig. S5) . Despite the treatment with PD0332991, contact inhibited cells did not become senescent and resumed proliferation after replating.
Discussion
Here we confirmed that CI is a reversible type of cell cycle arrest, so that cells can resume proliferation after splitting. We investigated why contact-inhibited cells do not become senescent. We found that CI was associated with deactivation of the mTOR pathway. Previously, we demonstrated that S6 phosphorylation during cell cycle arrest is a marker of senescence and that mTOR is involved in conversion from cell cycle arrest to senescence, a process named geroconversion (47) . Serum starvation, rapamycin, and other inhibitors of mTOR prevent geroconversion, sustaining reversible quiescence (6, 7, 9, 45, (48) (49) (50) (51) (52) (53) . Therefore, inhibition of the mTOR pathway in confluent cultures can explain why cells do not become senescent. Furthermore, the activation of the mTOR pathway in contact-inhibited cells favored senescence. By using several approaches, we demonstrated that CI per se decreased the mTOR activity in normal cells. Conditioning of the medium may further suppress the mTOR pathway, but this is not the primary or predominant mechanism in normal cells. CI by itself potently inhibits the Akt/mTOR pathway. In cancer cells lacking CI, mTOR was still inhibited in high cell density as a result of conditioning/exhaustion of the medium. Remarkably, this inhibition of mTOR the prevented senescence otherwise caused by p21 in low cell densities. Furthermore, the senescent program (i.e., geroconversion) can be suppressed in cancer cells by an artificial CI. To mimic CI, we plated a few cancer cells together with a high number of normal cells. Cancer cells were therefore trapped among contact-inhibited normal cells, or, in other words, were contact-inhibited by normal cells. The mTOR pathway was inhibited in such cells. Induction of p21 did not cause senescence in contact-inhibited cancer cells with deactivated mTOR. Therefore, when mTOR was inhibited by CI, p21-, PD0332991-, or contact-mediated arrest itself was not converted to senescence. The question remains whether senescence induced by irradiation or massive DNA damage would also be ameliorated by confluence, or whether it represent a special case. First, damage can become permanent and could reveal itself upon splitting. Second, induction of DNA damage may by itself modulate the mTOR pathway. For example, radiation strongly induced Akt in murine liver, whereas radiation-induced p53 inhibited mTOR downstream (54) . We will investigate this special case of unrepaired DNA damage.
Our present findings have noticeable physiological implications. In the organism, most nonproliferating cells are contact inhibited or at least densely packed. As these conditions cause deactivation of mTOR pathway, cellular senescence is suppressed and the organism may last for decades. On the contrary, suppression of senescence in dense cancer cell cultures may explain why anticancer drugs that easily cause senescence in vitro do not cure cancer in patients. As a special case, solitary cancer cells that are contact-inhibited by normal cells may be resistant to senescence-inducing drugs.
Materials and Methods
Cell Lines and Reagents. HT-p21 cells, derived from HT1080 human fibrosarcoma cells (American Type Culture Collection), provided by Igor Roninson (University of South Carolina, Charleston, SC), were previously described (5, (43) (44) (45) . HT-p21 cells were cultured in high-glucose DMEM without pyruvate supplemented with FC2 serum (HyClone FetalClone II; Thermo Scientific). In HT-p21 cells, p21 expression can be turned on or off by using IPTG (43, 44 were cultured in low-glucose DMEM plus 10% FBS. NBCs, provided by Jianmin Zhang (Roswell Park Cancer Institute, Buffalo, NY), were cultured in F12K medium plus 10% FBS. Rapamycin was obtained from LC Laboratories. IPTG and etoposide were purchased from Invitrogen and SigmaAldrich, respectively.
Immunoblot Analysis. Whole-cell lysates were prepared by using boiling lysis buffer (1% SDS, 10 mM Tris·HCl, pH 74). Equal amounts of proteins were separated by using Criterion or mini gradient polyacrylamide gels (Bio-Rad) and transferred to PVDF membranes. The rabbit antibodies-phospho-S6 (Ser235/236), phospho-AKT (Ser-473), phospho ERK 1/2, and p27-were from Cell Signaling Biotechnology. Mouse anti-phospho-Thr-389 p70S6K and anti-S6 antibody were from Cell Signaling Biotechnology. Rabbit anti-actin antibody was from Sigma-Aldrich; mouse antibodies for p21 and p53 (Ab-6) were from BD Biosciences and Oncogene Research Products, respectively. Secondary anti-rabbit and anti-mouse HRP-conjugated antibodies were from Cell Signaling Biotechnology.
SA-β-Gal Staining. β-Gal staining was performed by using Senescence-galactosidase staining kit (Cell Signaling Technology) according to the manufacturer's protocol. Cells were incubated at 37°C until β-gal staining became visible. Development of color was detected under a light microscope.
Colony Formation Assay. HT-p21 cells were plated at indicated densities, treated with IPTG for 3-4 d with or without drugs as indicated in the figure legends. Then, drugs were washed off and cells were replated at LD in fresh drug-free medium, and colonies were allowed to grow for a few days (as detailed in the figure legends). Plates were fixed and stained with 1.0% (wt/vol) crystal violet (Sigma-Aldrich). Colonies were counted by using Adobe Photoshop. Indirect immunofluorescence was performed as described previously (48) .
Flow Cytometric Analysis of Cell Cycle Distribution. Cells were fixed in ice-cold 70% (vol/vol) ethanol and stained with propidium iodide. Cell cycle distribution was analyzed using flow cytometry as described previously (48) .
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